ABSTRACT
INTRODUCTION
Among available new and renewable energy sources, shallow geothermal energy that takes advantage of stable underground temperatures has been estimated to have excellent applicability in Korea (Mok et al., 2010) . Since the "Promotional Law of New and Renewable Energy Development, Use and Dissemination" was enacted in 2004, the use of ground source heat pump (GSHP) systems in Korea has steadily increased in recent years because of their benefits and the governmental support (Lee, 2009; KEMCO, 2011; Kwon et al., 2012) . Such application as GSHP system can be classified into closed-and open-loop systems.
An open-loop system extracts groundwater from one well, exchanges heat energy with the water, and injects the water into another well. In recent years, studies have been conducted to minimize the environmental impacts resulting from pumping/injection and to enhance the efficiency of groundwater heat pump (GWHP) systems (Lo Russo et al., 2011; Zhou et al., 2013) . The applicability of groundwater for cooling large-scale facilities has also been estimated (Al-Zyoud et al., 2014) . These studies suggest that the aquifer characteristics play an important role in designing the open-loop systems.
However, characterization of the aquifer, which is required to design the efficient system, is very expensive in terms of time and cost, and is not reasonable for small applications. In this context, an open-source numerical code called TRS (Casasso and Sethi, 2015) was selected for preliminary and sensitivity analyses of small-scale GWHP systems because it can deal with flow and heat transport in a well doublet and does not requires much input data. In the analyses, arrival time when thermal plume arrives at pumping well and temperature change at pumping well were observed with different pumping/injection rates, hydraulic gradient, and well separation. Thus, we derived adequate well arrangement for efficient GWHP operation.
METHODOLOGY
The numerical model of TRS is based on a finite-difference approximation of the potential flow theory and deals with thermal recycling phenomenon between injection and production wells with groundwater flow (Casasso and Sethi, 2015) . In this study, the model was used to estimate the well arrangement for small GWHP systems which can avoid thermal recycling between wells. In the model, injection well was assumed to be downstream. To consider hydrogeological properties of South Korea, the data obtained from the national groundwater monitoring stations (NGMSs) were analyzed. Figure 1 shows the location of 126 NGMSs considered in this study. The monitoring wells were installed at alluvial layers, which consist of clay, sand, gravel, and weathered rock. Groundwater levels are located at average 4.97 m below ground surface. Hydraulic conductivities of the alluvial aquifer ranged from 1.12× 10 -5 to 2.34× 10 -1 cm/s with geometric mean of 9.56× 10 -4 cm/s (Figure 2 ). The range corresponds to the values of sand or gravel (Domenico and Schwartz, 1990 ) and volumetric heat capacity of such media varies between 2.2 and 2.8 MJ/m 3 K (Stauffer et al., 2013) . System size for small application was determined to be less than 23.4 kW, based on pumping/injection rates and the statistics of geothermal application (KEA, 2015) . Injection temperature was assumed to be 5°C higher than temperature of pumped water, and thus the system operated in the cooling mode. Since the numerical model can simulate only a continuous operation, injection temperature of 5°C higher or lower make no difference in the analysis results. Pumping/injection rates were set to satisfy the system size. The simulation was performed for ten years, and arrival time when thermal plume arrives at pumping well and temperature change at pumping well were observed with different well flow rates, well distances, hydraulic conductivities, and hydraulic gradients. The input parameters used in the analysis are listed in Table 1 .
Figure 1
Location of the national groundwater monitoring stations considered in this study. 
Results
Analysis results are shown in Figures 3-5 . Minimum well separation is defined as the distance between pumping and injection wells in which thermal recycling does not occur even with a continuous operation during ten years. Under high flow condition (i = 0.01), the minimum well separation to avoid thermal interferences varied from 2 to 50 m when hydraulic conductivity is larger than 10 -4 m/s. As flow velocity decreases, the required distance increases and is in the range from 10 to 50 m when hydraulic conductivity is larger than 4× 10 -4 m/s ( Figure 5 ). Considering the low hydraulic conductivity value reported for some monitoring wells, the necessary distance become too large to apply small GWHP systems when groundwater flow is very low ( Figure 5 ). Therefore, groundwater flow condition play a significant role in small-scale facilities, and such applications can be limited by available space especially in case of very low flow velocity. 
CONCLUSION
The distribution of hydraulic conductivity was estimated from the data obtained from 126 NGWSs over South Korea. Based on the estimated hydraulic properties, the well distance to avoid thermal interferences was calculated with different pumping/injection rates and hydraulic gradients. The results indicated that groundwater flow condition is an important parameter in the design of small GWHP systems, and such applications can be limited by available space especially when groundwater flow is very slow (See Figure 5) . Further studies are needed to make the guideline for the design of small GWHP systems.
